Purpose -Anisotropic conductive film (ACF) is now an attractive technology for direct mounting of chips onto the substrate as an alternative to leadfree solders. However, despite its various advantages over other technologies, it also has many unresolved reliability issues. For instance, the performance of ACF assembly in high temperature applications is questionable. The purpose of this paper is to study the effect of bonding temperatures on the curing of ACFs, and their mechanical and electrical performance after high temperature ageing. Design/methodology/approach -In the work presented in this paper, the curing degree of an ACF at different bonding temperatures was measured using a differential scanning calorimeter. The adhesion strength and the contact resistance of ACF bonded chip-on-flex assembly were measured before and after thermal ageing and the results were correlated with the curing degree of ACF. The ACF was an epoxy-based adhesive in which Au-Ni coated polymer particles were randomly dispersed. Findings -The results showed that higher bonding temperatures had resulted in better ACF curing and stronger adhesion. After ageing, the adhesion strength increased for the samples bonded at lower temperatures and decreased for the samples bonded at higher temperatures. ACF assemblies with higher degrees of curing showed smaller increases in contact resistance after ageing. Conduction gaps at the bump-particle and/or particle-pad interfaces were found with the help of scanning electron microscopy and are thought to be the root cause of the increase in contact resistance. Originality/value -The present study focuses on the effect of bonding temperatures on the curing of ACFs, and their adhesion strength and electrical performances after high temperature ageing. The results of this study may help the development of ACFs with higher heat resistance, so that ACFs can be considered as an alternative to lead-free solders.
Introduction
Miniaturization and environmentally friendly manufacturing are two of the most important goals for the electronic packaging industry. The use of anisotropic conductive film (ACF) instead of soldering and underfill encapsulation helps to achieve such goals. This technology offers extremely fine pitch capability, a simple manufacturing process, lower bonding temperatures, light weight and small product size, and simple device structures. Moreover, ACF based flip chip assembly is lead-free (Kwon and Paik, 2004; Zhang et al., 2002; Pinardi et al., 2002; Chiriac and Lee, 2001; Sarkar et al., 1999) .
ACFs are composite materials, which consist of an adhesive matrix and conductive particles, which provide electrical conduction between chip and substrate. These particles are made of solid metal or metal-coated polymers and are
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The current issue and full text archive of this journal is available at www.emeraldinsight.com/0954-0911.htm dispersed randomly in a thermosetting epoxy based adhesive matrix that protects the metallic contacts from mechanical damage and provides mechanical strength to the joints. The amount of conductive particles in an ACF varies from one product to another, but the particle volume fraction is usually between 0.5 and 5.0 per cent. However, due to the small particle size of 3.5 mm in diameter, in a typical ACF, the concentration of the conductive particles can be as high as 3:5 £ 10 6 =mm 3 (Tan et al., 2004; Yim et al., 1998) . During the ACF bonding process, heat and pressure are applied to the component and the conductive particles between bumps and pads change their shape from spheres to ovoids and the conduction paths between the bump of the chip and the pad of the substrate in the z-direction are formed . The bonding process for ACF joints is shown schematically in Figure 1 .
During the bonding process, the adhesive in the ACF melts to become a viscous fluid as the bonding temperature is reached and some of the conductive particles are distributed between bumps and the pads. Then, cross-linkage of the polymer molecules takes place and it is more and more difficult for the particles to move as the adhesive becomes more and more viscous (Chan and Luk, 2002a, b) . Since the physical, electrical and mechanical properties of ACFs largely depend on the degree of curing of the epoxy resin in the adhesive (Wu et al., 1997) , there has been a great deal of interests in investigating the effect of the ACF curing process on the electrical and mechanical performance of ACF bonded flip-chips. Substantial work has been carried out on ACF assemblies using thermal cycling (Pinardi et al., 2002) and environmental tests (Sarkar et al., 1999) . However, there is still a lack of thermal ageing test data. Since thermosetting epoxy based ACFs are temperature sensitive and difficult to rework after curing, it is important to optimize curing of the ACF to ensure good reliability. The present study focuses on the effect of bonding temperature on the curing of ACFs, and their mechanical and electrical performance after high temperature ageing. First, the mechanical performance of the ACF assembly was characterized using a shear test and the electrical performance was examined using contact resistance measurement. Secondly, the results were correlated to the curing degree. Microstructural analysis was also carried out to identify the possible failure mechanisms. The results of this study may help the development of ACFs with higher heat resistance, so that ACFs can be used as an alternative to lead-free solders for high temperature applications.
Experimental procedure
Chip, ACF and substrate The dimensions of the silicon chip used for the experiment were 11 £ 3 £ 1 mm 3 with 50 mm 2 bumps. A total of 368 AuNi bumps (18 mm in height) were arranged at the periphery of a chip. There were 60 daisy-chained bump groups along the length of the chip and each group contained five bumps as shown in Figure 2 . Of these five bumps, two adjacent bumps were for insulation resistance measurement and the remaining three bumps were for contact resistance measurement.
Au-Ni-Cu on polyimide flexible PCBs with a total thickness of 41.4 mm were used as the substrates. The substrate was constructed by laminating 12 mm thick Cu traces onto a 25 mm thick polymide film. The Cu-traces were then plated with 4 mm of Ni using electroless plating, and finally, a 0.4 mm Au layer was sputtered onto the Ni layer to prevent its oxidation.
A commercial ACF with a thickness of 35 mm was used for mounting the chip on the substrate. The conductive particles were polymer spheres, 3.5 mm in diameter and were covered by a 0.15 mm thick Ni-layer and 0.05 mm Au-layer. The glass transition temperature T g was 1308C.
Bonding process Prior to pre-bonding, the ACF was removed from the refrigerator and allowed to warm up to the room temperature. A protective transparent thin polymer layer was peeled off before the ACF could be mounted on the flex substrates. Then, the ACF was pre-bonded to the flexible substrates using a Karl Suss manual bonder and the process parameters listed in Table I . After that, an organic solvent (acetone) was used to clean the chip and substrate to eliminate any foreign particles and to ensure good alignment. Finally, the test chips were mounted on the pre-bonded substrates using a Toray FC2000 Flip Chip bonder. The final bonding conditions are also shown in Table I . (Hsu et al., 2000; Lau et al., 1998) . The thermosetting-epoxy based ACF was tested using a modulated differential scanning calorimeter (MDSC 2910) with a computerized data acquisition system. Before conducting the experiment, some ACF was removed from the refrigerator and allowed to warm up to room temperature. This ACF sample was considered to be uncured. The cured samples were obtained by peeling ACF off flip-chip assemblies bonded at 160, 180, 200, 220 and 2408C. Small quantities of ACF (, 10 mg) were weighed and put in an aluminium hermetic pan and the pan was then sealed ready for the DSC test. In this study, a baseline test for each experimental condition was carried out using two empty sample pans. The curing reaction was considered complete when the rate curves levelled off to the corresponding baseline test results. In the tests, the temperature was increased from 30 to 2508C at a ramp rate of 108C/min. The same baseline and ramping rate were used for all six samples. The degree of curing was calculated from the following relationship (Kwon and Paik, 2004) :
where a is the degree of curing, Q r is the total exothermic heat of the uncured ACF sample and Q R is the residual heat of the cured ACF sample.
Thermal ageing
The ACF assemblies bonded at different temperatures were aged for 600 min at a constant temperature of 1508C.
Adhesion strength measurement
The adhesion strength of the ACF joints before and after the thermal ageing was measured using an INSTRON Mini 44 Tensile tester. The chip-on-flex assembly was attached firmly on to a FR4 board with a rigid supporting back to hold the entire assembly shown in Figure 3 . Five as-bonded samples for each bonding condition were tested. Another five samples for the same bonding conditions were studied after they had gone through the thermal ageing. The crosshead speed was set at 10 mm/min for all samples. The load needed to shear-off the chip from the flex substrate was measured five times for each bonding condition and the mean value was taken as the shear load.
Contact resistance measurement
The contact resistances were measured using the four-point probe method as described by Chan and Luk (2002a, b) . During the measurement, 1 mA current was applied to the circuit and the voltage was measured using a Hewlett Packard 3478A multimeter for each bump group. The contact resistance was then calculated using Ohm's law.
Failure analysis
The ACF interconnections after thermal ageing were investigated using a Philips XL40 FEG scanning electron microscope (SEM). The ACF assemblies were sectioned, moulded and polished before they could be used for this analysis. A total of 30 bump-groups along the length of the chip were examined to identify the failure mechanisms at the bump-particle and/or particle-pad interfaces.
Results and discussion
Curing degree of ACF Figure 4 shows typical DSC curves for the ACFs cured at various temperatures. This figure shows the quantity of heat released during the temperature ramp. In a DSC experiment, the temperature is usually increased linearly over time (Lapique and Redford, 2002) . In this work, the temperature ramp rate was chosen as 108C/min so that the ACF can melt and the polymer in the adhesives can form cross-links with a proper conformation of the polymer macromolecules with the minimal trapping of excess enthalpy and residual mechanical stress (Matzkanin, 1995) . It was found from the experiment that the onset temperature was 107.108C for the uncured ACF, whereas this value for the ACFs cured at 160, 180, 200, 220 and 2408C was 106.19, 104.62, 101.37, 97.30 and 96 .018C, respectively. The curves in Figure 4 show that initially the heat flow increases due to the low viscosity, then the curves become horizontal up to a certain curing degree, as there is little change in the energy flow into the sample relative to the reference at low temperatures. After that the onset temperatures are reached and the samples begin to melt. At this stage, energy needs to be added to the samples to melt the crystallites and the curves go downwards due to the increased viscosity. Since the glass transition temperature (T g ) of the ACF is 1308C, the heat capacity of the samples changes at this temperature and the heat flow reaches a minimum. For this reason, all curves exhibited a broad exothermic peak at about 1308C, as shown in Figure 4 . Moreover, the glass transition is a second-order phase transition and appears as a change in the slope of the heating curve, which is endothermic and this affects the curing reactions (Grulke, 1994) . As a result, on reaching the glass transition temperature, the reaction between the functional groups decreases dramatically and the local viscosity becomes higher. The areas under the curves shown in the Figure 4 are the enthalpy of reaction for the entire event.
The results from the curing degree measurement using equation (1) are shown in Figure 5 . This figure reveals that 28 per cent of curing can be achieved at a bonding temperature of 1608C. Raising the bonding temperature to 2008C, a better curing degree of 83 per cent can be achieved, whereas bonding at temperatures of 220 and 2408C have cured the ACF up to 90 and 95 per cent, respectively. The curing of ACFs begins with the formation and linear growth of polymer chains in the epoxy resin and soon these polymer chains begin to branch and finally form three-dimensional highly crosslinked chemical networks . A higher bonding temperature provides a higher active energy to initiate and accelerate the cross-linking reaction (Uddin et al., 2004) . Therefore, it can be concluded that the curing of ACFs is largely dependent on the applied bonding temperatures and higher bonding temperatures result in better curing of ACFs for a given curing time.
Adhesion study
The properties of ACFs are highly dependent on the bonding parameters such as the bonding pressure, the bonding time, and especially, the bonding temperature. The cross-link density of the ACF significantly affects the ACF's reliability performance . Higher bonding temperatures lead to better cross-linking and a higher degree of curing as discussed above. The curing degree plays an important role in the adhesion strength as shown in Figure 6 . This figure shows the adhesion strength, characterized by the shear load, for the ACF assembly before and after ageing at 1508C. It is obvious that, before ageing, there is a higher shear strength for the samples bonded at higher bonding temperatures. The adhesion strength increased with the increase in the bonding temperature due to the inter-diffusion and/or reaction between the ACF epoxy and the flex (Uddin et al. 2004 ). Therefore, a higher bonding temperature would lead to higher adhesion of the ACF to the chip and substrate, as well as better curing. It is interesting that the adhesion strength increased after the thermal ageing treatment for the samples bonded at 160 and 1808C. During the bonding process, the initial non-crosslinked material transforms into a rigid solid due to the irreversible cure reactions. In this case, the ACF was not fully cured, as shown by the DSC study (Figures 4 and 5 ) and by Figure 7 , and might have been further cured while ageing inside the high temperature oven. Though the epoxy based ACF has high specific adhesion to metals, glass, ceramics and polyimides (Skeist, 1977) , a high cohesive strength along the bond line can only be achieved when the ACF is fully cured. As a result, the adhesion strength has increased after thermal ageing due to the further curing of the ACF.
In contrast, the sample bonded at 2008C had no significant change in adhesion strength after thermal ageing. From the curing study, it was found that 2008C allowed the ACF to cure up to 83 per cent and this means that any further curing during the ageing treatment was insufficient to affect the adhesion strength. Another interesting finding from this work is that the adhesion strength decreased in an unusual manner for samples bonded at 220 and 2408C after the ageing treatment. This is surprising because the ACF matrix is highly cross-linked yet the adhesion strength could still be reduced due to the over curing of the epoxy. This could be caused by the thermal degradation of polymers and the breakdown of the corresponding molecular networks during the thermal ageing (Bormashenko et al., 2001) . Moreover, the thermal expansion of highly cross-linked ACF during the ageing treatment at constant high temperature introduces a swelling stress (Wong et al., 2000) at the chip-ACF and/or ACF-flex interfaces. This stress may cause delaminations or cracks that could have led to the decrease in the adhesion strength.
Contact resistance
At the beginning of the bonding process of the chip-on-flex assembly, the ACF becomes soft and rubbery as the bonding temperature is applied. This transformation allows the ACF to flow, which in turn allows the conductive particles to move throughout the ACF joints (Chan and Luk, 2002a, b) . Over time, however, three-dimensional cross-linkages form and the ACF transforms from the rubbery state into a glassy state. At this stage, the conductive particles are no longer free to move. The extent of the cross-linking in the epoxy resins, which is the curing degree (May, 1998) , greatly influences the rigidity and reliability of the ACF. As the curing degree increases, the adhesive shrinks and the conductive particles are deformed, resulting in an increase in the contact area and a decrease in the contact resistance (Seppala et al., 2002) . Therefore, the curing degree plays an important role in the electrical performance of the ACF assembly. Figure 8 shows that the contact resistance increases for the samples after the thermal ageing. This figure reveals that for the sample bonded at 1608C, where the curing degree is 28 per cent, the contact resistance is relatively high. As the curing degree increases to 83 per cent, the contact resistance decreases. It is interesting to note that ACF assemblies subjected to 90 and 95 per cent curing have increased contact resistance. This may happen due to the breaking of the polymer chains as described earlier.
It is evident from this figure that the contact resistance had increased for all the samples (bonded with different temperatures) after thermal ageing. The rate of increase in contact resistance was dramatically higher for the samples bonded with lower temperatures than those with higher curing degrees. For example, the initial contact resistances for the samples bonded at 160 and 2408C were 46.0 and 17.2 mV. After 600 min thermal ageing, these values were measured as 213 and 86.6 mV. Therefore, the higher bonding temperature and consequent higher curing degree, results in a stronger polymeric chain, higher adhesion strength and a Figure 6 Adhesion strength of the ACF assembly before and after thermal ageing reduced rate of increase in the contact resistance during thermal ageing.
The root causes of the increase in contact resistance after thermal ageing were investigated through the microstructural images shown in Figure 9 . Figure 9 (a) shows an ACF joint before thermal ageing. A sufficient number of conductive particles were found between the bump and the pad. All particles were trapped leaving no gap at the bump-particle and particle-pad interfaces. After the thermal ageing, the positions of some conductive particles were found to have shifted in the sample bonded at 1608C, as shown in the Figure 9 (b). This suggests that the lightly cured ACF melted and allowed the particle to move during the ageing treatment. As a result, the number of conductive particles in the joint reduced and the contact resistance increased. As evidence to support this claim, an open joint that was found in this sample (where there was no conductive particle between the bump and the pad), is shown in Figure 10 . Another cause of the contact resistance increase is the formation of conduction gaps between the bump and the pad as shown in Figure 9 (c)-(f). In the Figure 9 (c) and (d), the conduction gaps induced at the particle-pad interfaces for the samples bonded at 180 and 2008C are clearly visible. At these two bonding temperatures the ACF curing degrees are 63 and 83 per cent, respectively. Since they are not fully cured, further curing might happen during the ageing treatment. The formation of these conduction gaps could be one of the consequences of this further curing. It is interesting to note that the conduction gaps are less prominent in ACF joints that were 90 and 95 per cent cured (Figure 9 (e) and (f)). Unlike solder joints, ACF joints form only through the mechanical contact of conductive particles at the bump and pad interfaces. As there is no firm metallurgical connection at the bump-particle and the particle-pad interfaces, a conduction gap can form easily during the ageing treatment. From the adhesion study, it was found that a higher degree of curing led to a higher adhesion strength. For this reason, a smaller conduction gap was present in the higher temperature bonded samples than in the lower temperature bonded samples. Another interesting finding is that all the conduction gaps were found at the particle-pad interfaces rather than the bump-particle interfaces (Figure 9(c)-(f) ). The reason for this is believed to be that the Au-bump is soft and deforms easily, which makes the bump-particle interface more resilient to gap formation, while the Cu-pad with Ni-electroplating is stiffer and does not deform as easily as the bump, as shown in Figure 11 . During the ageing treatment the undeformed and mostly flat surface of the Cu pad helped to induce a gap between the particle and the pad interface.
A common cause of conduction gap formation in ACF joints is the thermal expansion mismatch in the ACF assembly (Yin et al., 2003) . An ACF joint consists of several materials with different coefficient of thermal expansion (CTE). During thermal ageing the mismatch among the bump, pad, particle, and adhesive matrix is responsible for the conduction gap, as shown in Figure 12 . Figure 12(a) shows that the bump and the pad were in firm contact before the ageing treatment. The conductive particles were deformed and trapped leaving no gap. However, a gap appeared after the ageing treatment as shown in Figure 12(b) .
During the bonding process, the conductive particles' shape is changed from a sphere to an ovoid as the bonding pressure is applied, and the contact spots at the bumpparticle and the particle-pad interfaces spread to make effective contact areas. A larger contact area results in a smaller contact resistance (Chan and Luk, 2002a, b; Maattanen, 2003) . If a deformed particle can find some room between the bump and the pad, it will try to recover its original spherical shape (Rizvi et al., 2005) if the particle does not have plastic deformation. As a result, the contact area at the bump-particle and particle-pad decreases and contact resistance increases. In fact, as shown in Figure 13 , this is exactly what has happened in the samples after the ageing treatment.
Conclusions
A systematic experimental work has been carried out to investigate the effect of curing degree on the performance of ACF joints after thermal ageing. It was found that higher bonding temperatures had resulted in better curing of the adhesive matrix and greater adhesion strength, and better curing helped to reduce the rate of increase in the contact resistance during thermal ageing.
It was found that a curing degree of 28 per cent could be achieved with a bonding temperature of 1608C. In order to achieve a 95 per cent curing degree the bonding temperature has to be increased to 2408C. The adhesion strength before ageing increased as the curing degree increased. After the thermal treatment, the adhesion strength increased for the samples bonded at lower temperatures, but decreased for the samples bonded at higher temperatures. The contact resistance increased for all the thermally aged samples (bonded at different temperatures). The rate of increase in the contact resistance was dramatically higher for the samples bonded at lower temperatures than for those bonded at higher temperatures. The change in the contact resistance was thought to be caused by possible further curing of the adhesives, the mobility of the conductive particles, the formation of conduction gaps between the bumps and pads and the thermal mismatch in the joint. Although a higher bonding temperature resulted in better ACF curing and better electrical performance after thermal ageing, the adhesion 
